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Variation of tow force with velocity during
offshore ploughing in granular materials
Keith Duncan Lauder, Michael John Brown, Mark Fraser Bransby,
and Scott Gooding
Abstract: Pipeline plough behaviour has been investigated by means of reduced scale physical model testing. A testing
programme was devised to investigate the influence of permeability, relative density, and plough depth on the associated
tow force measured during ploughing over a range of velocities in saturated granular material. An increase in tow force
with velocity was found during all of the tests and the results have been compared to previously developed analytical
models. A new empirical equation has been developed to describe the change in tow force with velocity for a variety of
model siliceous sand conditions. Application of this new approach to full-scale ploughing requires consideration of scaling
effects and the use of appropriate input parameters determined to replicate field conditions.
Key words: pipeline ploughing, rate effects, dilation, low effective stress.
Résumé : Le comportement en labourage d’un pipeline a été étudié a` l’aide d’essais réalisés sur un modèle physique a`
l’échelle réduite. Un programme d’essai a été élaboré dans le but d’étudier l’influence de la perméabilité, de la densité
relative et de la profondeur du labourage sur la force de tire associée mesurée durant le labourage a` différentes vitesses
dans un matériel granulaire saturé. Une augmentation de la force de tire avec la vitesse a été observée durant tous les
essais, et les résultats ont été comparés avec des modèles analytiques développés précédemment. Une nouvelle équation
empirique a été développée pour décrire les changements dans la force de tire selon la vitesse, et ce pour une variété de
conditions de sable de silice modélisé. L’application a` l’échelle réelle de cette nouvelle approche nécessite de considérer
les effets d’échelle et d’utiliser les paramètres d’entrée appropriés, qui sont déterminés dans le but de répliquer les
conditions de terrain.
Mots-clés : labourage de pipeline, effets de taux, dilatation, faible contrainte effective.
[Traduit par la Rédaction]
Introduction
The oil and gas industry often buries offshore pipelines
under the sea bed (cover depths  1.5 m are common) as this
provides protection against mechanical impact, shelter against
hydrodynamic loading, thermal insulation, stability under ther-
mal expansion, and freespan mitigation (Morrow and Larkin
2007). A pipeline plough (Fig. 1) towed by a support vessel is
an established method used to create a trench, often simulta-
neously laying the pipeline, and is favoured by the industry
owing to its effectiveness in various soil conditions from very
soft clays to weak rocks (Finch et al. 2000). The force (F)
required to tow the plough increases with the rate of ploughing
and this “rate effect” is greatest when ploughing in sands and
silts due to dilation during shearing (Reece and Grinsted 1986;
Palmer 1999). The tow force will ultimately affect the rate of
ploughing as the support vessels that tow the plough have a
limited, albeit large, towing capacity.
Prior to the commencement of any ploughing operation it is
necessary to estimate the time required to complete the work
as this will have a major impact on pricing and affect equip-
ment availability of a pipeline installation contractor. This
often involves the calculation of the required tow force to pull
the plough at a particular depth (D) and velocity (v) through
specific soil conditions. Currently much of the industry uses
empirical equations to predict tow forces. The form of the
equations developed has been based partially on the principle
of passive lateral earth pressure and are influenced by perfor-
mance data gathered during real ploughing operations (Finch
et al. 2000; Cathie and Wintgens 2001). Unfortunately, where
data is used from real ploughing operations there is potential
for significant variation in seabed soil conditions and topog-
raphy encountered (Bransby et al. 2010). Intrusive ground
investigation points should be taken 0.5–1 km apart (OSIG.
2004) owing to the significant lengths of pipeline to be buried
although the spacing is often far greater in practice due to time
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constraints and limited site investigation budget. The variability
of soil conditions on any site can mean that owing to the large
spacing between investigation points, the soil parameters attained
from them may be unrepresentative of the material between them.
This may potentially lead to inaccurate development of soil
dependant parameters used in prediction models.
In contrast to the use of field data from real operations, data
gathered during model ploughing tests in a laboratory envi-
ronment allow both plough and soil variables to be accurately
controlled and measured. Results from these tests may be used
to refine existing empirical models or develop new ones. The
non-rate-dependent (static) component of the tow force, which
is known to comprise of interface friction and passive earth
pressure components (Reece and Grinsted 1986) is now rea-
sonably well quantified (Lauder 2011; Lauder et al. 2008).
There is less confidence in the representation of the rate
dependant component of tow force and the influence of soil
characteristics on this dependency, for example permeability.
Rate effects are known to arise from pore pressure reductions
caused by water being drawn into saturated soil as it dilates
under shearing (Kutter and Voss 1995). The faster the shearing
event, the faster the required flow of water, which in turn
requires greater pore water pressure reductions and gives rise
to greater increases in effective stresses within the soil. The
magnitude of pore water pressure changes at a given plough
velocity will also increase with increasing drainage path length
(which is typically assumed to be proportional to the plough
depth, D) and reducing permeability (k) (Palmer 1999). As the
rate effect is controlled by drainage of pore water fluid it will
only be observed during operations, which provoke partially
drained soil response, which in practice means that the tow
force during ploughing will not continue to increase indefi-
nitely with plough velocity, but will be limited when the soil
response becomes fully undrained. Other phenomena that may
limit the rate effect during ploughing are cavitation of pore
fluid when the vapourization pressure is reached or suppres-
sion of dilation due to increased effective stresses (Kutter and
Voss 1995).
Current methods that allow the prediction of
rate effects
Two of the methods that can be employed to predict rate
effects during offshore ploughing are those of Palmer (1999)
and Cathie and Wintgens (2001). Palmer (1999) found through
analytical analysis of the ploughing process that rate effects in
sands and silts can be described by eq. [1].
[1] Fdynamic 
vD3[De/(1  e)]
k
where Fdynamic is the force generated with increasing rate of
ploughing, v is the plough’s velocity, D is the plough’s depth,
e is the in situ void ratio, e is the change in void ratio from
its in situ value to that of the critical state, and k is the
permeability of the soil.
In contrast, Cathie and Wintgens (2001) used a more em-
pirical approach based upon data collected during pipeline
ploughing projects to develop eq. [2], which can be used to
predict the required tow force in granular soils.
[2] F  CwW ′  Csγ ′D3  CdvD2
where F is tow force, Cw is a friction coefficient, W= is the
submerged buoyant plough weight, Cs is a passive pressure
coefficient, = is the submerged unit weight of the soil, D is the
depth from the sand surface to the share base, and Cd is a
coefficient dependent on the maximum size of the smallest
10% of the particles of sand (d10) and relative density (Dr).
The third term of eq. [2] gives Fdynamic and can be compared
directly to eq. [1]. The magnitude ofCd is assumed to increase
both with relative density and with reducing d10. Equation [1]
is more fundamental, whereas eq. [2] is arguably of greater use
for practical application by the offshore industry. Because e
increases with relative density (above that of the critical state)
and permeability increases with increasing d10 the main dif-
ference in the form of eqs. [1] and [2] is the exponent on the
plough depth. Palmer (1999) developed eq. [1] by considering
a single triangular share and assuming a vertical triangular
shear zone. Cathie and Wintgens (2001) analysed data from
ploughs that were fitted with a forecutter (Fig. 1), which
results in the trench being formed by two separate cuts. This
potentially reduces the drainage path length to the difference
between the share depth and the forecutter depth for any given
plough depth that is great enough to cause forecutter engage-
ment, (drainage path length, Di  D – Df). This is assumed to
be one reason why they describe the rate-dependant force as
increasing with D2 and not D3. For this reason it is more appro-
priate to compare the scale model tests with eq. [1] where no
forecutter was used.
This paper describes the use of reduced scale ploughing
tests, conducted in a laboratory to investigate the rate depen-
dant component of tow force (i.e., how F varies with v). The
reduced scale model tests were used to investigate the influ-
ence of particle size (d10) and permeability (k), relative density
(Dr), and plough depth (D) on the rate dependant component
of tow force. The test results are compared to an equation
developed by Palmer (1999) and a new relationship for pre-
dicting rate effects in cohesionless soils during ploughing
operations is developed.
Fig. 1. Schematic of a typical pipeline plough during trenching.
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Experimental techniques
The annotated schematic of a pipeline plough defines the
plough depth, D, forecutter depth, Df, and trench depth, Dt,
and shows how the plough’s trenching depth is controlled by
rotation of the arm about the plough, which raises and lowers
the skids relative to the share. The pitch of the plough is
defined as the angle of the heel relative to the horizontal.
Model ploughing tests were conducted at both 25th and 50th
scale and the 50th scale model ploughing apparatus is shown
in Fig. 2. The scale model ploughs were based on CTC
Marine’s Advanced Pipeline Plough, the mass of which was
scaled by the cube of the scale factor and all lengths by the
scale factor. The mass of the 50th scale plough was 1.6 kg in
air and the mass of the 25th scale plough was 12.8 kg in air.
The model ploughs were also manufactured with a detachable
forecutter, which allowed its influence over plough behaviour
to be investigated (Lauder et al. 2010) although all tests
described herein are for ploughs without a forecutter. The 50th
scale plough was connected to a carriage via a tow wire and a
20 kg capacity model RLT load cell and the whole arrange-
ment was pulled forward by a second tow line connected to a
winch. The load cell was used to measure the tow force during
testing, a 200 mm stroke linear variable differential trans-
former (LVDT) was used to measure the plough’s depth, a
clinometer measured its pitch, and a draw wire transducer
(DWT) measured the horizontal displacement of the carriage
to allow determination of plough displacement. The use of the
carriage system allowed the inclination of the tow wire to the
plough to be maintained at a constant angle of 8° and also
acted as a reference for plough depth measurements.
As the influence of both permeability and relative density
over the rate effect was to be investigated, three sands of
different grading were prepared at multiple different densities.
At 50th scale, test beds were prepared by three methods
(which allowed a wide range of relative densities to be
achieved) in a 2 m long by 0.5 m deep by 0.5 m wide tank. The
first method used was dry pluviation by a slot pluviator trans-
lated above the sand surface with a constant drop height of
800 mm. Pluviation was followed by levelling of the final
surface of the sand by scraping it flat. The test bed was then
saturated slowly with water through a hose attachment to the
tank, which entered via a gravel base drainage layer. The level
of water in the tank ensured that the plough was fully sub-
merged throughout each test. This allowed beds to be prepared
at relative densities between 90% and 50%. The second
method was to pour dry sand through a funnel held just above
the surface of the bed followed by scraping and saturation and
resulted in very loose (0%  Dr  7%) test beds. Medium
dense beds were prepared by raking saturated sand prior to
levelling. Tests were conducted in three different siliceous
sands: medium sand (HST50), fine sand (HST95), and silty
sand (Redhill 110) (Table 1), which were used to investigate
the influence of permeability on the rate effect.
Once the test bed was prepared, the plough was placed on
the surface of the sand at one end (left end in Fig. 2) of the tank
and connected to the tow wire. The LVDT was then lowered
onto the plough and the motor switched on to initiate the
winch. The 2 m long tank gave the 250 mm long plough
1400 mm of travel, which was enough to find its steady state
depth in the sand according to the plough’s skid settings by
moment equilibrium and provide data at the desired trenching
depth. The high torque winching system allowed constant
plough velocities between 20 and 200 m/h to be used in the
investigation. All of the instrumentation was monitored using
a USB data acquisition system with data sampling at 1 s
intervals. Further information on the experimental setup and
methodology is described by Lauder (2011). Sample prepara-
tion, test setup, and procedure at 25th scale was essentially the
same as at 50th scale, but took place in a larger sand tank and
actuation was controlled by a hydraulic system whereby a
hydraulic cylinder took the place of the high torque winching
system used to actuate the 50th scale plough. Further infor-
mation on the 25th scale test setup can be found in Lauder
(2011).
Experimental results
Figure 3 shows data gathered during three different model
ploughing tests all at 50th scale. The trends are typical of all
tests performed at both 25th and 50th scale. Prior to com-
mencement of the test the plough sits on the sand, often with
a shallow embedment depth although not in this case. Once
forward translation is initiated the plough starts to cut deeper
into the sand until it reaches a steady state whereby the depth
(shaded markers, Fig. 3) and tow force (open markers, Fig. 3)
are relatively constant. Steady state conditions were deemed to
have developed by 600 mm forward translation of the plough
for all tests. The steady state depth is determined by the
plough’s skid settings and by moment equilibrium acting upon
the plough (Palmer et al. 1979; Lauder et al. 2008). To allow
the comparison of results attained from ploughing tests, steady
state forces and depths were determined by averaging all of the
steady state depth and force measurements for each individual
test. This gives a single value of force and a single value of
depth for each of the test results presented herein.
Steady state behaviour
Figure 4 presents steady state tow forces measured during
eight saturated ploughing tests at depths ranging from 37–
40 mm (1.85–2.00 m at full scale) in medium-dense, medium
sand (HST50) with ploughing velocities ranging from 17 to
187 m/h (model scale).
The offset of the straight line from the origin (at zero
velocity) is the “static” component of the tow force (Fv0).
This can be further broken down into a passive resistance term
and an interface resistance term as considered by Reece and
Grinsted (1986), Cathie and Wintgens (2001), and confirmed
by Lauder et al. (2008). An approximately linear relationship
between tow force and velocity over the range of velocities
tested is apparent. The gradient of the line fitted to the data
effectively shows the magnitude of the rate effect, which is an
increase of 1.85 N in tow force for every 100 m/h increase in
velocity for the particular conditions (Fig. 4) and is equivalent
to 1.85/11.5  16% per 100 m/h.
Figure 5 shows plough pitch and depth plotted against
velocity for the same tests as shown in Fig. 4. There appears
to be a slight reduction in depth with increasing velocity of
around 0.6 mm (2%) over the range of velocities tested al-
though there is considerable scatter in the data. The plough’s
pitch along with the skid settings define the vertical position of
the share relative to the skids and therefore the share depth
(Bransby et al. 2010). There must be some skid embedment
1246 Can. Geotech. J. Vol. 49, 2012
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during the tests shown in Fig. 5 as there is no clear relationship
between pitch and depth.
Table 2 gives a summary of all the tests described herein.
The number of tests column indicates the number of tests in
each series, performed at a specific set of conditions (sand
type, relative density, depth, and scale). The velocity range
column shows the velocity of the fastest and slowest test
velocities performed within each series.
Effects of permeability
The influence of permeability on the rate effect was exam-
ined by performing saturated ploughing tests in the three
different uniformly graded granular materials. Figure 6 shows
steady state tow forces measured in three different sands
prepared at a medium density. The grain size, d10 (which is
often used as an indicator of permeability, e.g., Hazen 1910),
and the shear characteristics of each of the three sands tested
are shown in Table 1.
Rate effects are observed for all three sands in Fig. 6.
The low velocity tow force is broadly the same for all of the
three sands and is likely a result of them having similar
relative densities and frictional properties (Table 1). The tow
force achieved in the three sands diverges as ploughing
velocity increases because the rate effect associated with each
of the sands is different. The rate effect is greatest in the finest
grained sand (Redhill110) and lowest in the coarsest (HST50)
confirming that reducing permeability increases the rate
effect.
Fig. 2. Model plough test apparatus (Lauder 2011).
Table 1. Summary of the physical properties of the three sands tested.
Reference
Grading
description ka (m/s)
d10b
(mm)
d50c
(mm)
φcrit
′
(°)
max
(kg/m3)
min
(kg/m3)
E0
′d
(kN/m2)
HST50 Medium sand 4.95104 0.19 0.25 34 1765 1535 6500
HST95 Fine sand 1.23104 0.10 0.14 32 1792 1487 5000
Redhill 110 Silty sand 1.01104 0.08 0.12 34 1628 1295 1700
aPermeability shown is for each sand in a medium-dense state.
bParticle size at 10% percentage passing from particle-size distribution determination.
cParticle size at 50% percentage passing from particle-size distribution determination.
dOne-dimensional Young’s modulus is for each sand in a medium-dense state (σn′  5–10 kPa).
Fig. 3. Development of steady state ploughing conditions for three different tests. Tow force shown with open markers and depth with
shaded markers.
Lauder et al. 1247
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Figure 7 shows the plough depth to be most sensitive to
velocity in Redhill110 and least sensitive to velocity in
HST50. For the range of plough velocities investigated the
plough depth reduces by approximately 12% in the Redhill110.
This seems intuitive as the increased share-soil reaction would be
expected to cause a change in moment equilibrium, which would
alter the plough pitch and therefore its depth through the long-
beam principle. Reduction in plough depth with increasing ve-
locity then leads to an apparent reduction in the slope of the rate
effect shown in Fig. 6 (i.e., the actual rate effect for the same D
with increasing v would be greater than shown in Fig. 6). Thus
rate effect in real ploughing operations may also lead to
potential problems with depth control and the need for skid
height adjustment during ploughing.
Fig. 4. Variation of average steady state tow force with plough velocity in saturated medium-dense, medium sand (HST50; Dr  61%;
=  9.47 kN/m3; buoyant plough weight, W=  14.3 N; mean steady state plough depth for the test series, D  38 mm).
Fig. 5. The effect of plough velocity on plough depth and pitch in saturated medium-dense, medium sand (HST50; Dr  61%; =  9.47 kN/m3;
buoyant plough weight, W=  14.3 N).
Table 2. Summary of the ploughing tests discussed.
Sand
reference Dr (%) D (mm) Scale
Number
of tests
Velocity
range (m/h)
HST95 75 40 50 9 36–472
HST95 75 65 25 4 1–334
HST95 53 39 50 14 29–383
HST95 53 65 25 8 5–334
HST95 5 43 50 3 41–191
HST95 5 38 50 3 60–192
HST50 90 36 50 6 12–183
HST50 61 39 50 8 18–187
Redhill 110 45 39 50 7 26–187
1248 Can. Geotech. J. Vol. 49, 2012
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Effect of plough depth
Ploughing tests were conducted over a range of velocities at
three different depths in the same fine sand (HST95) prepared
at a medium density. Steady-state tow forces measured during
three series of tests conducted at D  39, 34, and 28 mm are
plotted against velocity in Fig. 8.
Least squares fits to the data are presented in Fig. 8 for the
three depths of ploughing with the rate effect shown as the
gradient of the line, which is proven to increase with plough
depth. The rate effect (i.e., the gradient of the lines, dF/dv)
found for each of the three ploughing depths in Fig. 8 is plotted
in Fig. 9 to find the relationship between rate effect and plough
depth. Lines of rate effect proportional to D2 and to D3
respectfully have been fitted to the data. The results show that
for a plough with a single share, the rate effect is apparently
better described by being proportional to D3 than D2.
Effect of relative density
Ploughing tests were conducted at three values of relative
density (Dr  1%, 53%, and 75%) in saturated fine sand to
investigate its effect on the tow forces generated. The plough
penetrated the sand at a greater depth for the Dr  1% test
series than for the tests conducted at Dr  53% and 75%. The
trend line shown for the Dr  1% series is a result of inter-
polation between six tests, three of which were conducted with
D  43.5 mm while the other three were conducted with D 
37.5 mm.
A clear rate effect is found for all three test series and can
be approximated by straight lines over the range of velocities
shown. The rate effect is seen to increase with relative density,
which has been shown analytically by Palmer (1999). The rate
effect is known to be caused by an increase in effective
stresses due to pore pressure reductions caused by dilation of
Fig. 6. Steady-state tow force variation with velocity for the three sands of different permeability.
Fig. 7. Steady-state plough depth against velocity for three sands, each of different permeability.
Lauder et al. 1249
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saturated sand. The reduction in pore pressure required to
drive the flow into the dilating sand (and hence increase in
effective stress) is dependent on the change in pore volume per
unit time and the resistance to flow, which is governed by the
permeability of the sand and the drainage path length. The
volume change is the change in volume of the sand from its
initial state to that at critical state and clearly as relative
density is increased the magnitude of the rate effect will
increase and is supported by the data presented in Fig. 10.
However, Fig. 10 shows that even the tests conducted in
sand prepared at Dr  1% gave a positive rate effect. This
indicates that the sand is dilating, which may initially be
considered surprising given the low relative density, but can be
explained by the low effective stresses in the sand. At depths
less than 40 mm (depth of plough during 50th scale tests) the
in situ effective stresses are less than 1 kPa. Teh et al. (2006)
state that the relative density at critical state is near to its
loosest state (Dr  0%) at low effective stresses. Ponce and
Bell (1971) found that very loose (Dr  5%) dilated at very
low confining pressures (1.46 kPa) during triaxial tests. In
addition, Oda and Kazama (1998) made optical measurements
of shear bands on thin sections of sand cut from specimens that
had been subjected to plane strain tests. They found that large
voids existed within the shear band, which caused the void
ratio within the shear band to exceed that of the maximum
void ratio as determined by the Japanese standard method of
minimum density determination. This provides some evidence
that there is a possibility for even very loose sand to dilate
when sheared if effective stresses are low enough.
Figure 11 shows the voids ratio during four series of direct
shear box tests in HST95, which were prepared at Dr  1%,
21%, 43%, and 56%. The initial voids ratio (e0) is the voids
ratio after the normal stress was applied to the sample and ecrit
is the voids ratio at critical state. The critical state voids ratio
was found by taking global vertical displacements measured
on the top loading platen of the shear box by a single LVDT
during each test. It was assumed that the resulting change in
voids ratio occurred over a thickness of 38d50. The assumed
thickness of the dilation zone (38d50) was selected as it caused
the values of ecrit from tests at different e0 to converge. It is
Fig. 8. Influence of plough depth on the rate effect (medium dense fine sand (HST95); W=  14.3 N; =  9.93 kN/m3).
Fig. 9. Rate effect (dF/dv) measured during 50th scale tests plotted against plough depth (medium-dense, fine sand (HST95); W=  14.3 N;
=  9.93 kN/m3).
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well known through observation of shear bands including
those measured after shear box tests that the thickness of a
shear band is somewhere between 8 and 20d50 thick as found
by: Roscoe (1970), Mühlhaus and Vardoulakis (1987), and
Finno et al. (1997). The justification for assuming volume
change to occur over a greater thickness of the soil is that
strains within a shear box do not occur within a single discrete
shear band as shown by Potts et al. (1987) and Muir Wood
(2002).
Figure 12 shows the idealized interpretation of dilation band
formation within a shear box and the true expected pattern of
dilation band formation within a shear box based upon exam-
ination of radiographs taken during shear box tests. In Fig. 12
the shear force is denoted Q, N is the normal force, x and y are
horizontal and vertical displacements, respectively. The ex-
pected pattern (Fig. 12c) reveals that inclined shear bands are
developed at each end of the box due to compression at the
front of the leading edge. Therefore dilation inferred from box
lid displacement (y) is a result of two shear bands and there-
fore the change in lid height could be due to a zone of sand
20–40d50 thick and can be used as a means of calculating ecrit
from shear box tests(eq. [3]).
[3] ecrit  e0 
DH
38d50
(1  e0)
where H is the change in box lid height during shearing.
Fig. 10. Tow force against velocity from ploughing tests in sand of different density (saturated fine sand, d10  0.1 mm; Dr  1%, 53%,
and 75%; W=  14.3 N; D  40, 39, and 39.5 mm).
Fig. 11. Change in voids ratio from the initial state (e0) to critical state (ecrit) for fine sand (HST95) during low effective stress direct shear
box testing.
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Very loose (Dr  1%) sand was found to dilate in the shear
box at very low effective stresses, which could provide an
explanation as to why the ploughing tests in very loose sand
show a positive rate effect. The relative density at critical state
increases to around 20% at 20 kPa and therefore, if tests using
a full scale plough were conducted in sand of Dr  1%, then
positive pore pressures and a reduction in effective stresses are
to be expected as well. The critical state void ratio found
during shear box tests can be used in the normalization of tow
forces measured during ploughing tests.
Development of a general relationship to
describe tow force
The results presented show that the observed rate effects
(dF/dv) are linked to plough depth (D), relative density (Dr),
and permeability (k). As the rate effects observed are related to
certain measureable soil characteristics it is necessary to in-
corporate these characteristics into ploughing tow force pre-
diction models.
Normalization of the test data shown in the results section
may allow a general relationship to be developed that describes
the tow force for ploughing tests at different depths in different
sands at various relative densities. This may be of value to
ploughing contractors as it would allow the prediction of rate
effects for a wide range of conditions. Figures 13 and 14 group
together data from 10 model ploughing test series at two
different scales (50th and 25th) and for three different sands at
various relative densities. The y-axes of both Figs. 13 and 14
show the rate-dependent component (Fdynamic  F – Fv0)
normalized by the cube of the plough’s depth. The soil in front
of the share is sheared during ploughing and its void ratio
changes from e0 to ecrit. Palmer (1999) shows that the net
inflow of water per unit volume of soil associated with this
change in void ratio is proportional to e/(1  e0). Figure 13
shows plough velocity normalized by the permeability of the
sand as suggested by Palmer (1999), which is valid where
vD/cv  1. The data in Fig. 13 group reasonably well,
however, there is some scatter and the series S  50 (50th
scale), HST95, Dr  75%, D  40 mm is noticeably to the
right of the rest of the data.
A nondimensional loading rate, (eq. [4]) was proposed by
Finnie (1993) during analysis of the reaction of shallow foun-
dations subjected to vertical displacements. This has been
found to pull rate effects found in different soils together
(Finnie 1993) and has been applied herein.
[4] V  vD
cv
where V is the normalized velocity; v is the velocity of the
object penetrating the soil; D is a characteristic length taken as
the diameter or width of the penetrating object, which is
assumed to be analogous to the drainage path length (plough
depth is used here); and cv is the coefficient of consolidation
found from the following relationship (eq. [5]):
[5] cv 
E0
′k
γw
where E0= is the confined modulus, k is the permeability, and
w is the unit weight of water.
Therefore the nondimensional velocity, V, can be calcu-
lated by
[6] V 
vDγw
E0
′k
In Fig. 14 the dynamic force normalized by D3 has been
plotted against the product of nondimensional velocity, V, and
volume change during dilation, e/(1 e). A better agreement
of the data is reached in Fig. 14 than in Fig. 13. The x-axis
normalization in Fig. 14 is similar to that used in Fig. 13 and
accounts for permeability and volume change during shearing
as Fig. 13 does, but in addition accounts for the relative
stiffness of the soils.
Based upon Fig. 14 a relationship has been derived (eq. [7])
to describe the rate-dependant tow force, Fdynamic in sands.
[7]
F  Fv0
D3
 (6  104) vD[De/(1  e)]
cv
where F and Fv0 are forces (kN), D is depth (m), and cv is the
coefficient of consolidation (m2/s), with (F – Fv0)/D3 being
the normalized dynamic force (kN/m3) and 6  104 a coeffi-
cient (kN/m3).
Equation [7] is valid over the range of normalized velocities
presented and is not likely to continue indefinitely with in-
creasing velocity. As previously discussed, the rate effect is
caused by the partial drainage conditions that arise during
ploughing. As velocity increases the conditions within the soil
will eventually become fully undrained where there will be no
further increase in tow force due to reducing pore pressure
dissipation.
Fig. 12. (a) Schematic of direct shear box, (b) idealized interpretation of shear box, and (c) expected pattern of dilation bands in shear box
based on radiograph observations (from Muir Wood 2002, reprinted with permission from Elsevier).
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Consideration should be given to scale effects when using
reduced model scale tests to predict full scale plough per-
formance. Results from tests performed at 50th and at 25th
scale are shown to compare well in Fig. 14, which may
indicate that scale effects have been accounted for within
the normalization. That said, there may not be enough
difference between the 25th and 50th scale tests for any
potential scale effects to be observed. e is both density and
stress related and use of an appropriate value of e when
using eq. [7] is essential for the accurate prediction of rate
effects generated during full-scale ploughing. It is therefore
recommended that shear box tests be performed on sand
prepared at its estimated in situ relative density and eq. [3]
be used to calculate ecrit from which the normalizing parameter
e/(1  e) can be obtained.
Conclusion
Reduced scale model plough tests in carefully prepared sand beds
were used to investigate the effects of soil characteristics and plough
depth on the rate-dependant component of plough tow force. The test
results were compared with a previously developed analytical solu-
tion and a new relationship for predicting rate effects in cohesionless
soils during ploughing operations has been developed.
Analysis of reduced scale model ploughing tests reveals that
the rate effect increases approximately with the cube of the
Fig. 13. Comparison of 50th and 25th scale ploughing data normalized as proposed by Palmer (1999).
Fig. 14. Normalized tow force against normalized velocity grouping together tests for different relative densities, plough scales, plough
depths, and soil types.
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plough’s depth and is presumably a result of the associated
increase in drainage path lengths. This varies from the com-
monly adopted empirically based prediction technique (Cathie
and Wintgens 2001) where it is assumed that the rate effect
varies with the square of the depth.
In terms of material characteristics, the reduction in perme-
ability associated with reducing particle size increases the
magnitude of the rate effect. Additionally, increasing the rel-
ative density of the sand also increases the rate effect both due
to the associated reduction in permeability and increased vol-
ume of water required to fill the dilated pores during shearing,
however, its influence is perhaps not as great as one would
expect.
An empirical relationship (eq. [7]) incorporating Palmer
(1999) theoretical analysis of the ploughing process and the
normalized velocity proposed by Finnie (1993) has been de-
veloped to determine the rate-dependent tow force during
ploughing and shows good agreement with the experimental
data.
As eq. [7] has been calibrated using data from reduced-scale
(25th and 50th scale) ploughs its application to the prediction
of rate effects during full-scale ploughing may require the
consideration of scale effects. For instance, it is recommended
that determination of critical voids ratio is based upon testing
undertaken to mimic in situ conditions rather than those at
model scale to avoid the effects of increased dilation. It should
also be noted that plough depths at 50th scale are 50 times
smaller than those at prototype, which reduces the resistance to
flow of water through the pores of the sand. Pore fluid viscosity
was not scaled (increased) during the model tests to account for
this and one might expect the rate effects to be 50 times smaller
than at full scale. However the agreement between the 50th and
25th scale data is in disagreement with this theory. This may be
due to the product of VD plotted on the x-axis moving shallower
tests with lower rate effects left and deeper tests with higher
corresponding rate effects right. Palmer (1999) shows that for
model tests conducted in the same soil as at prototype that if
plough velocity is increased for the model by the scale factor
(i.e., VmodelDmodel  VprototypeDprototype) similar rate effects
should be achieved at both scales.
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List of symbols
Cd rate effect coefficient
Cs passive pressure coefficient
Cw friction coefficient
cv coefficient of consolidation
d10 particle size at 10% percentage passing from particle-
size distribution determination
d50 particle size at 50% percentage passing from particle-
size distribution determination
D steady-state plough depth for an individual test
Df depth of forecutter engagement
Di drainage path length
Dmodel plough depth at model scale
Dprototype plough depth at prototype scale
Dr relative density
Dt trench depth
D mean steady-state plough depth for a test series
E0
′ confined modulus
e void ratio
e0 initial void ratio
ecrit void ratio at critical state
e change in voids ratio
F tow force
Fv0 tow force in fully drained conditions
Fdynamic tow force resulting from pore pressure changes
H change in sample height (direct shearbox)
k permeability
N normal force (direct shearbox)
Q shear force (direct shearbox)
S scale factor
V normalized velocity
Vmodel normalized velocity at model scale
Vprototype normalized velocity at prototype scale
v plough velocity
W= buoyant plough weight
= effective unit weight
w unit weight of water
 plough pitch
max maximum dry density
min minimum dry density
σn
′
normal effective stress
φcrit
′ critical state angle of friction
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